The HIV type 1 pathogenicity factor Nef enhances viral replication by modulating multiple host cell pathways, including tuning the activation state of infected CD4 T lymphocytes to optimize virus spread. For this, Nef inhibits anterograde transport of the Src family kinase (SFK) Lck toward the plasma membrane (PM). This leads to retargeting of the kinase to the trans-Golgi network, whereas the intracellular transport of a related SFK, Fyn, is unaffected by Nef. The 18-amino acid Src homology 4 (SH4) domain membrane anchor of Lck is necessary and sufficient for Nef-mediated retargeting, but other details of this process are not known. The goal of this study was therefore to identify characteristics of SH4 domains responsive to Nef and the transport machinery used. Screening a panel of SFK SH4 domains revealed two groups that were sensitive or insensitive for trans-Golgi network retargeting by Nef as well as the importance of the amino acid at position 8 for determining Nef sensitivity. Anterograde transport of Nef-sensitive domains was characterized by slower delivery to the PM and initial targeting to Golgi membranes, where transport was arrested in the presence of Nef. For Nef-sensitive SH4 domains, ectopic expression of the lipoprotein binding chaperone Unc119a or the GTPase Arl3 or reduction of their endogenous expression phenocopied the effect of Nef. Together, these results suggest that, analogous to K-Ras, Nef-sensitive SH4 domains are transported to the PM by a cycle of solubilization and membrane insertion and that intrinsic properties define SH4 domains as cargo of this Nef-sensitive lipoprotein binding chaperone-GTPase transport cycle.
Nef 3 is a 25-to 34-kDa myristoylated accessory protein encoded by HIV-1, HIV-2, and SIV. Although Nef is not needed for virus replication in cell culture, it potently increases viral replication in a physiological environment, thus serving as a pathogenesis factor that accelerates disease progression (1) (2) (3) . Nef acts to mediate functions via various interactions with host cell proteins, thereby inducing a variety of changes in central intracellular transport and signaling pathways of HIV-infected cells (4, 5) . This includes reducing cell surface densities of transmembrane receptors by molecular mechanisms that affect endocytosis, anterograde transport, and/or protein stability (6 -10) . By modulating surface exposure of cell surface receptors, such as major histocompatibility complex I and II, CD4, chemokine receptors, co-stimulatory molecules such as CD80 and CD86, tetraspanins, and natural killer cell ligands, Nef acts to evade host cell immune responses and prevent superinfection of infected cells (7) (8) (9) (10) (11) (12) (13) (14) (15) . In addition, Nef affects T cell activation and the responsiveness of T lymphocytes to TCR signaling by modifying vesicular transport and actin dynamics (16 -24) . In such a way, activation-induced cell death is reduced, thus prolonging the survival of productively infected cells (25) .
In addition to transmembrane receptors, Nef alters the subcellular localization of peripheral membrane proteins such as the Src family kinase (SFK) Lck, which is retargeted by Nef from the plasma membrane (PM) to the trans-Golgi network (TGN) in HIV-infected CD4 T cells (19, 26 -28) . As Lck is the master switch for TCR signaling (20) , this is one means by which Nef disrupts early TCR signaling and influences a select array of intracellular signaling events to optimize HIV replication. Along with Lck, a closely related SFK, Fyn, also acts to regulate early TCR signal transduction (29) , but its subcellular localization is unaffected by Nef (27), illustrating that Nef uses a highly specific mechanism to relocalize Lck from the PM to the TGN.
SFKs are composed of Src homology (SH) domains 1-4, where the SH4 domain acts as membrane anchor, the SH2 and SH3 domains are protein interaction modules, and the SH1 domain bears kinase activity (30) . By virtue of its acylation (myristoylation and/or palmitoylation) and, in the case of Src, in concert with positively charged amino acids, the 18-amino acid N-terminal SH4 domain provides membrane anchoring and determines the subcellular localization and trafficking route of the SFK (31) (32) (33) (34) (35) (36) . Although the subcellular localization of SFKs such as Lck or Fyn is regulated by a complex system of anterograde transport to and internalization from the PM, little is known about the machinery and regulation of the transport This work was supported by Deutsche Forschungsgemeinschaft TRR83 Project 15 . The authors declare that they have no conflicts of interest with the contents of this article. 1 Supported by the postdoctoral program of the medical faculty of the University Hospital Heidelberg and an Alexander von Humboldt postdoctoral fellowship. 2 To whom correspondence should be addressed: Tel.: 49-6221-561322; Fax:
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cro ARTICLE pathways involved. Clearly distinct from the classical secretory pathway employed by transmembrane proteins for PM delivery, different SFKs with distinct lipid modifications of the SH4 domain appear to utilize varied PM delivery pathways (33, 37) . Fyn, for example, traffics directly to the PM following synthesis (37, 38) . Src, on the other hand, is rapidly exchanged between the PM and late endosomes or lysosomes (39) . Other SFKs, such as Lyn and Yes, initially enter the Golgi system after biosynthesis, where they are palmitoylated and traffic to the PM via vesicle-mediated transport (40) . On the molecular level, several factors important for Lck anterograde transport have been identified, including myelin and lymphocyte protein (MAL), formin actin nucleator INF2, uncoordinated 119 (Unc119), and Rab11, which are thought to facilitate anterograde transport of Lck-containing vesicles toward the PM (23, (41) (42) (43) (44) (45) (46) .
Similarly, little information is available about how Nef selectively impairs anterograde transport of Lck but not Fyn. We previously defined that the SH4 domain of Lck is sufficient for Nef-mediated retargeting from the PM to the TGN and that the SH3 domain binding motif in Nef is required for this effect (18, 27, 47, 48) . Nef does not physically interact with the Lck SH4 domain, and a mutation in Nef that prevents its localization to the TGN site of Lck accumulation in the presence of the viral protein retains the ability to retarget Lck (18, 27, 47) . Thus, Nef appears to induce Lck relocalization by an indirect mechanism that seems to require Nef itself to undergo dynamic vesicular transport cycles (49) . This mechanism applies to newly synthesized protein during its anterograde transport to the PM and is paralleled by a marked reduction in association of Lck with detergent-resistant membrane (DRM) microdomains but not with altered overall membrane association (47) . Together, these results suggest that Nef interferes with anterograde transport of specific membrane microdomain platforms by blocking their transport and/or recruitment of cargo molecules.
Overexpression of Unc119a releases Lck from the TGN after retargeting by Nef (27) . Surprisingly, expression of Unc119a, which is known to interact with SFKs via the SH2 and SH3 domains to activate the kinase (42, 50) , did not restore the normal distribution of Lck to the PM but instead resulted in diffuse cytoplasmic staining, indicative of a soluble protein (27). This was a puzzling observation, as Lck maintained the palmitoylation of its SH4 domain under these conditions, a modification that requires shielding from the aqueous cytoplasm. This may now be explained by the recent characterization of Unc119a as a member of a protein family that acts as lipoprotein binding chaperones (LPCs) to solubilize acylated peripheral membrane proteins by binding their fatty acid in a hydrophobic pocket (51) (52) (53) . LPC activity has been reported for Unc119a, Unc119b, heme oxygenase 2 (HO2), and phosphodiesterase 6␦ (PDE6␦) (51, 54 -58) . Among these, PDE6␦ is established to facilitate, by virtue of its LPC function, an unconventional anterograde transport pathway for K-Ras that involves consecutive steps of membrane insertion and solubilization (54, 59, 60) . K-Ras is predominantly localized to the PM at steady state, although thermodynamics favors localization at endomembranes, in part because of the transient nature of palmitoylation (61, 62) . When the prenylated moiety of K-Ras is protected from the cytosol upon binding to the hydrophobic pocket of PDE6␦, soluble K-Ras-PDE6␦ complexes are subject to cytoplasmic diffusion (54) . This soluble state can be reversed by reinsertion of K-Ras into membranes upon formation of a ternary complex with Arf-like (Arl) 2 GTPase. Arl2 GTP hydrolysis provides the energy for a conformational change that releases K-Ras from the LPC and results in its enrichment at perinuclear membranes, with a preference for recycling endosomes. K-Ras associated with recycling endosomes is transported to the PM, from where it is again trafficked to the TGN via the endomembrane system (59, 60) . As an LPC, Unc119a is able to bind the fatty acid of myristoylated and palmitoylated peripheral membrane proteins (51, 55, 58, 63) . Furthermore, Arl2 and the closely related Arl3 GTPases can interact with Unc119a, causing the hydrophobic binding pocket to widen and cargo to be released (55) . The binding affinity of the cargo to the Unc119a hydrophobic pocket determines whether Arl2 or Arl3 acts as the GTPase for release (64) . Whether Unc119a employs this mechanism to promote dynamic transport cycles of SFKs remains to be established.
The goal of this study was to define the parameters that govern the specificity of HIV-1 Nef for TGN retargeting of SFK SH4 domains and to investigate whether LPC transport machinery is involved in this process. Our results indicate that the sensitivity of SH4 domains to TGN retargeting by Nef can be determined by a single amino acid and is characterized by usage of an LPC-based PM delivery pathway involving the LPC Unc119 and the GTPase Arl3.
Results

Nef targets a subset of SFK SH4 domains to the TGN
We previously found that the N-terminal SH4 domain, consisting of 18 amino acids (N18), is necessary and sufficient for Nef-mediated retargeting of Lck but not Fyn to the TGN (47). To gain more insight into the mechanism of Nef action in this process, we first tested whether the molecular surfaces or functional motifs by which Nef induces TGN retargeting are the same for the Lck SH4 domain (LckN18) compared with the full-length counterpart. We transiently expressed a panel of Nef.RFP WT or mutant proteins, along with LckN18 fused to GFP (LckN18.GFP), in Jurkat T (JTAg) cells ( Fig. 1, A and B , and Fig. S1A ). As established previously (27, 47), we analyzed the steady-state subcellular localization of LckN18.GFP by confocal microscopy (Fig. 1A) , and the number of cells with pronounced TGN localization of LckN18.GFP (frequency of accumulation) was determined ( Fig. 1B ). As expected, LckN18.GFP was predominantly localized at the PM when expressed with RFP control (Fig. 1B, 10 .4% Ϯ 0.6% of cells with pronounced intracellular enrichment of LckN18.GFP) and was found to be retargeted to an intracellular compartment when WT Nef.RFP was expressed (80.4% Ϯ 4.3% of cells). The Nef mutant G2A, in which the myristoylation acceptor glycine at position 2 is replaced by an alanine to reduce its membrane association (4, 65, 66) , failed to retarget LckN18.GFP (23.2% Ϯ 2.4%). Similarly, the Nef mutant AXXA, in which the two central prolines of the SH3 interaction motif are replaced by alanine to disrupt interactions with SH3 domain-containing proteins (67), failed
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to retarget LckN18.GFP (23.6% Ϯ 2.3%). Several Nef mutants retained the ability to retarget LckN18.GFP to the TGN, excluding these respective motifs as essential determinants of retargeting. These included KKAA (71.3% Ϯ 5.4%), a lysineto-alanine exchange at position 4 and 7 that disrupts Nef incorporation in DRM microdomains (65); EDAA (79.2% Ϯ 5.1%), a mutation in the diacidic interaction motif in the C-terminal flexible loop of Nef that results in a defect in CD4 down-regulation and enhancement of virion infectivity (68); F195A (75.4% Ϯ 1.8%), a mutation that disrupts Nef association with Pak2 that is important for inhibition of T cell actin dynamics and motility (69 -72) ; and ⌬12-39 (78.0% Ϯ 4.1%), a deletion of the interaction site for the Nef-associated kinase complex that interferes with HIV transcription and release of extracellular vesicles (73) (74) (75) (76) and has recently been shown to be involved in antagonism of particle infectivity restriction by SERINC5 (77) . These results match the mapping of molecular Nef determinants for TGN retargeting of full-length Lck (18) , suggesting that Nef affects the subcellular localization of N18 and full-length Lck by the same molecular surfaces.
In contrast to Lck, subcellular localization and transport of the closely related SFK Fyn is not altered by Nef, and the rea-sons for this specificity are unclear (47) . Along with Fyn and Lck, there are seven other closely related members of the SFKs. To gain insight into the molecular signature in SH4 domains determining sensitivity to Nef, we screened these SH4 domains for TGN retargeting by Nef. To that end, Nef.Myc or the Myc vector control was transiently expressed in JTAg cells, along with the different SH4 domains of SFKs or the Leishmania protein Haspb (N18.GFP). Localization of the SH4 domains was observed at steady state ( Fig. 1C and Fig. S1B ), and the frequency of retargeting to the TGN by Nef.Myc or the Myc control was compared for each SH4 domain ( Fig. 1D ). To determine whether relocalization of SH4 domains led to retargeting at the TGN for other SH4 domains, cells were stained for the TGN marker TGN46. As seen previously, LckN18.GFP was retargeted to the TGN by Nef (80.4% Ϯ 5% of cells with prominent TGN localization) whereas FynN18.GFP was not (8.5% Ϯ 5.6%). Interestingly, the SH4 domains LynN18.GFP (78.1% Ϯ 2.0%), SrcN18.GFP (72.1% Ϯ 2.1%), HaspbN18.GFP (76.0% Ϯ 0.6%), and HckN18.GFP (75.1% Ϯ 0.4%) were retargeted to the TGN by Nef with similar efficiency as LckN18.GFP. In contrast, the distribution of YesN18.GFP (12.1% Ϯ 4.2%) and FgrN18.GFP (14.6% Ϯ 4.5%) was as unaffected by Nef as FynN18.GFP. 
Importantly, this pattern of Nef-mediated retargeting of a specific subset of SH4 domains was also see in primary T cells (Fig. 2, A and B, and Fig. S2A ). LckN18.GFP, LynN18.GFP, FynN18.GFP, and YesN18.GFP were primarily found at the PM of primary T cells when co-expressed with RFP (8.7% Ϯ 1.7%, 10.0% Ϯ 1.8%, 9.4% Ϯ 2.4%, and 6.4% Ϯ 3.7%, respectively) or the Nef mutant AXXA (6.1% Ϯ 1.9% for LckN18.GFP). Co-expression of WT Nef.RFP induced prominent retargeting of LckN18.GFP (67% Ϯ 4.5%) and LynN18.GFP (68.6% Ϯ 2.4%), whereas FynN18.GFP (16.7% Ϯ 3.0%) and YesN18.GFP (8.0% Ϯ 3.9%) were not retargeted by Nef. Furthermore, the same specificity of retargeting of Lck and Lyn SH4 domains, but not Fyn or Yes SH4 domains, was observed for additional Nef variants from HIV-1 (NL4.3), HIV-2 (Cbl23), and SIV (mac239) (Fig. 2 , C and D, and Fig. S2B ). Thus, lentiviral Nef proteins retarget only a specific subset of SFK SH4 domains to the TGN in primary CD4 T cells and T cell lines, whereas other SH4 domains are resistant to Nef.
Overexpression and silencing of LPC transport machinery phenocopies the effects of Nef on SFK SH4 domain localization
Because the LPC Unc119a is involved in PM delivery of Lck (41, 42) , we wanted to know whether Unc119a also has an effect on the transport of other SH4 domains. To that end, Unc119a.RFP or the RFP vector control and the different N18.GFP domains were transiently expressed in JTAg cells, and their localization was analyzed ( Fig. 3, A and B, and Fig.  S3A ). Interestingly, and in line with a recent report (56), ecto-pic expression of Unc119a.RFP resulted in retargeting of LckN18.GFP to the TGN in a manner reminiscent of Nef (70% Ϯ 6.2% versus 10% Ϯ 2.1% for the RFP control). LynN18.GFP (71.2% Ϯ 5.1%), SrcN18.GFP (70.8% Ϯ 6.2%), HaspbN18.GFP (68.3% Ϯ 4.2%), HckN18.GFP (64.4% Ϯ 6.1%), and FgrN18. GFP (61.2% Ϯ 4.3%) were also retargeted to the TGN by Unc119a.RFP with similar efficiency. In contrast, the subcellular distribution of FynN18.GFP (20.4% Ϯ 2.3%) and YesN18.GFP (17.5% Ϯ 2.7%) was unaffected by ectopic expression of the LPC.
We next sought to assess the consequences of depleting exogenous Unc119a on SH4 domain localization. However, only moderate changes were observed in Unc119a expression and LckN18.GFP localization upon treatment of JTAg cells with siRNA oligos specific for UNc119a ( Fig. S4 , A-C). Because PDE6␦ also acts as an LPC, and exogenous expression resulted in TGN retargeting of a similar although not identical subset of SFK SH4 domains to the TGN (data not shown), cells were treated simultaneously with siRNA oligos targeting Unc119a and PDE6␦. In line with a recent report on intracellular accumulation of the SFK Src, but not Fyn, that combined knockdown of Unc119a and PDE6␦ in fibroblasts (56) , simultaneous treatment with siRNA oligos targeting Unc119a and PDE6␦ reduced expression of both LPCs in JTAg cells (Fig. S4 , C and E). This was paralleled by LckN18.GFP retargeting to the TGN (72.3% Ϯ 1.9% compared with 20.1% Ϯ 2.5% in control cells) ( Fig. 3 , C and D, and Fig. S3B ). LynN18.GFP was retargeted to 
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the TGN by Unc119a and PDE6␦ knockdown with a similar efficiency as LckN18.GFP (72.6% Ϯ 1.6%). However, the localization of FynN18.GFP (21.2% Ϯ 2.3% retargeted) and YesN18.GFP (21.7% Ϯ 2.7% retargeted) was not affected by combined knockdown of Unc119a and PDE6␦.
Similar results were obtained when Arl3.CFP, the GTPase that binds to Unc119a for cargo release (55, 64) , was transiently expressed in JTAg cells along with the panel of N18.GFP SH4 domains. Ectopic expression of Arl3.CFP (Fig. 4 , A and B, and Fig. S5A ) caused retargeting to the TGN for LckN18.GFP (80.2% Ϯ 2.2%), LynN18.GFP (60.6% Ϯ 2.3%), SrcN18.GFP (63.6% Ϯ 4.2%), HaspbN18.GFP (78.5% Ϯ 7.9%), and HckN18.GFP (84.3% Ϯ 2.3%), whereas the distribution of FgrN18.GFP (25.5% Ϯ 4.6%), FynN18.GFP (19.8% Ϯ 4.3%), and YesN18.GFP (18.0% Ϯ 1.3%) remained unchanged by the presence of Arl3.CFP. Retargeting by Arl3.CFP was also observed for LckN18.RFP (Fig. S5B ). Again, treatment with siArl3 alone had only partial effects on the localization of Lck (Fig. S4 , A-C). We tested the role of the related GTPase Arl2, which is also able to release cargo from Unc119a (55, 64) , and found that overexpression of Arl2 caused retargeting of a similar, although not identical, subset of SFK SH4 domains compared with Arl3 (data not shown). Simultaneous knockdown of both GTPases led to TGN accumulation of LckN18.GFP (71.8% Ϯ 0.8% retargeted compared with 21.4% Ϯ 1.8% in the control) and LynN18.GFP (72.1% Ϯ 1.2% retargeted) but not of FynN18.GFP (22.5% Ϯ 1.6% retargeted) and YesN18.GFP (18.4% Ϯ 1.8% retargeted) ( Fig. 4 , C and D, and Figs. S4, D and E, and S5C). Overexpression of GTPases or LPCs involved in SH4 domain transport thus phenocopies targeting of these components by siRNA, suggesting that overexpression of these components exerts dominantnegative effects. Together, these results revealed an intriguing overlap in the spectrum of SH4 domains that are specifically retargeted to the TGN by ectopic expression of Nef or manip- Arrowheads indicate retargeting of N18.GFP at the TGN, and asterisks indicate cells positive for RFP or Unc119a.RFP. Scale bar ϭ 2 m. B, frequency of SH4 domain retargeting to the TGN for three independent experiments, mean Ϯ S.D., in cells co-expressing RFP (black columns) or Unc119a.RFP (white columns). C, expression of Unc119a and PDE6␦ proteins was transiently knocked down in JTAg cells that also transiently expressed the indicated N18.GFP proteins. Shown are representative confocal images indicating the localization of the N18.GFP construct. Cells were stained with an anti-TGN46 TGN marker to access subcellular localization. Arrowheads indicate retargeting of the N18.GFP at the TGN. Scale bar ϭ 2 m. D, frequency of retargeting to the TGN for three independent experiments, mean Ϯ S.D., for the indicated subset of SH4 domains (LynN18, LckN18, FynN18, and YesN18) following control (black columns) or Unc119a and PDE6␦ (white columns) knockdown.
ulation of expression levels of LPC and GTPase transport components (Table S1 ).
TGN accumulation by Unc119a does not require physical association of the LPC with the SH4 domain as revealed by co-immunoprecipitation
As Unc119a binds lipid moieties in a hydrophobic binding pocket (51), we wanted to know whether retargeting of the SH4 domains by Unc119a was the result of such physical association. Unc119a was readily co-immunoprecipitated with LckN18.GFP following GFP-trap isolation from transiently transfected JTAg cell lysates (Fig. 5A ). This interaction was specific, as neither LckN18.GFP mutants in which one (C3S or C5S) or both (C3S,C5S) of the palmitoylated cysteine residues that are important for membrane association of the SFK were mutated to serine nor the RFP control were found to associate with LckN18.GFP. We next wanted to map the determinants in Unc119a for association with LckN18 and created a set of Unc119a mutants that are defective in individual binding domains. Mutations that disrupt the SH2-interacting domain and the periphery of the lipid binding pocket (Y194A) or the SH3-interacting domain (R56A, P59A, and P62A) (78) did not affect the efficiency of co-isolation of Unc119a.RFP with LckN18.GFP (Fig. 5B ). In contrast, disrupting the central residue of the lipid-binding pocket that makes contact with the fatty acid (Y131A) (64) abrogated the association of the SH4 domain with the LPC. The association detected by this co-immunoprecipitation approach thus likely reflects direct binding of the Lck SH4 domain fatty acids to the hydrophobic pocket of Unc119a.
We next tested whether physical association between the LPC and the Lck SH4 domain detected by this co-immunoprecipitation approach correlates with retargeting of the SH4 domain to the TGN. Transient expression of Unc119a mutants in JTAg cells revealed that individual mutations of Unc119a interaction motifs with fatty acids, SH2 domains, or SH3 domains did not impair their ability to cause TGN retargeting of LckN18.GFP ( Fig. 5C and Fig. S6 ). The ability of Unc119a to 
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co-immunoprecipitate with the Lck SH4 domain is therefore dispensable for the retargeting effect. This also suggests that retargeting of LckN18.GFP to the TGN upon ectopic expression of Unc119a likely reflects a dominant-negative effect on SH4 domain transport because of sequestration of Unc119a ligands essential for transport. Moreover, screening of our panel of SH4 domains revealed that only the SH4 domain of Lck, but not those of Src, Haspb, Hck, Fgr, Fyn, or Yes, associates with Unc119a with sufficient affinity for detection by our co-immunoprecipitation approach (Fig. 5D ). We conclude that physical association with Unc119a, as detected by co-immunoprecipitation, does not define the sensitivity of SH4 domains for TGN retargeting by Nef or LPC transport machinery.
A single amino acid determines Lyn SH4 domain sensitivity for TGN retargeting by Nef
We next sought to map an SH4 domain signature that governs its sensitivity to TGN retargeting by Nef. Initial attempts to achieve this based on the comparison of Nef-sensitive Lck and Nef-insensitive Fyn SH4 domains were hampered by the low degree of sequence conservation between these two SH4 domains (Fig. 6A) . In contrast, Lyn and Yes have a very similar SH4 domain amino acid sequence, although the SH4 domain of Lyn is retargeted by Nef and the Yes SH4 domain is not. To identify the determinant for Nef sensitivity in the Lyn SH4 domain, we first generated two chimeric constructs between residues 1-10 and 11-18, LynYesN18 and YesLynN18 (Fig. 6, B and C, and Fig. S7A ). Interestingly, following transient expression in JTAg cells, LynYesN18.GFP was retargeted to the TGN by Nef (65.6% Ϯ 7.8%) with similar efficiency as LynN18.GFP. In contrast, relocalization of YesLynN18.GFP was not affected by Nef (15.6% Ϯ 1.2%), akin to YesN18.GFP. The key determinant for sensitivity for retargeting by Nef is therefore present in the first 10 amino acids of the SH4 domain. When comparing these amino acid sequences, one of the few differences is the amino acid in position 8, an uncharged glycine for Lyn and a 
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negatively charged glutamic acid for Yes. Replacing glycine 8 with a glutamic acid in LynN18 (LynN18 (G8E)) markedly reduced TGN retargeting by Nef (20.3% Ϯ 7.2% retargeted). This was also seen in primary T cells, where LynN18 (G8E).GFP was fully insensitive to Nef-mediated retargeting (8.0% Ϯ 3.8%) (Fig. 6, D and E, and Fig. S7B ). The G8E mutation abrogated retargeting of LynN18.GFP by Nef variants from HIV-1 (NL4.3, 21.1% Ϯ 0.5%), HIV-2 (Cbl23, 21.7% Ϯ 0.9%), and SIV (mac239, 22.9% Ϯ 5.3%) (Fig. 6, F and G, and Fig. S7C ). Furthermore, this single amino acid mutation also strongly reduced TGN retargeting of LynN18.GFP by Unc119a overexpression (30.2% Ϯ 4.7%), knockdown of Unc119a/PDE6␦ (21.3% Ϯ 1.8%) ( Fig. 7 , A-D, and Fig. S8, A and B) , overexpression of Arl3.CFP (17.4% Ϯ 2.6%), or knockdown of Arl3/Arl2 (20.5% Ϯ 1.9%) ( Fig. 7, E-H, and Fig. S8, C and D) . These results demonstrate that the sensitivity of the Lyn SH4 domains for retargeting by Nef can be determined by a single amino acid. Analogous analysis of additional SH4 domains was hampered by the loss of overall membrane association upon introduction of the respective amino acid changes (Table S2) .
Prevention of SH4 domain DRM association is dispensable for TGN targeting by Nef
Our previous results showed that Nef significantly reduces DRM microdomain incorporation of full-length Lck and LckN18 but not of Fyn (47) . We therefore tested whether TGN retargeting is associated with reduced DRM incorporation for all Nef-sensitive SH4 domains. To this end, DRM microdomain association of LckN18.GFP, FynN18.GFP, LynN18.GFP, and LynN18 (G8E).GFP was analyzed in the absence or presence of Nef by membrane flotation following cell lysis in cold Triton X-100 detergent ( Fig. 8) (47, 79) . Cell lysate prior to flotation (input) as well as DRM and soluble fractions of transiently transfected JTAg cells were investigated by Western blot analysis. Transferrin receptor and linker of activated T cells (LAT) served as markers for the soluble and DRM fractions, respec- 
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tively (Fig. 8, A and D) . For all four N18.GFP proteins analyzed, at least 20% of all protein was associated with the DRM fraction in the absence of Nef (see Fig. 8E for quantification). As expected, co-expression of Nef significantly reduced DRM association of LckN18.GFP (6.7% Ϯ 4.8% of DRM associated; Fig. 8, A and E) , and DRM association of FynN18.GFP was unaffected by Nef (24.4% Ϯ 10.8% of DRM associated; Fig. 8, B and E). DRM association of LynN18.GFP (33.9% Ϯ 3.8% versus 25% Ϯ 10.4% of DRM associated) and LynN18 (G8E).GFP (26.4% Ϯ 3.7% versus 18.5% Ϯ 6.2% of DRM associated) was also 
comparable in the absence or presence of Nef, respectively (Fig.  8, C-E) , although Nef efficiently retargets LynN18.GFP to the TGN (Fig. 1, C and D) . DRM exclusion is therefore not a requirement for Nef-mediated retargeting of SH4 domains to the TGN.
Nef inhibits anterograde transport of SH4 domains
Because the sensitivity of SH4 domains for TGN retargeting by Nef could not be explained by their DRM association pattern, we next sought to address whether Nef affects the same anterograde transport step of all sensitive SH4 domains. To follow the transport of SH4 domains from biosynthesis to steady-state distribution, we adopted a previously established plasmid microinjection approach (80, 81) . HT1080 cells were microinjected with expression plasmids for LckN18.GFP and Nef.RFP or RFP control, and subcellular localization of N18.GFP was analyzed at various time points after microinjection relative to the TGN marker TGN46 (Fig. 9A and Fig. S9A , see Fig. 9B for quantification). With this approach, newly synthesized proteins could be detected as early as 30 min postmicroinjection and at 2 h post-microinjection (p.m.), a sufficient number of cells displayed robust protein expression for analysis. When expressed with the RFP control, LckN18.GFP was initially observed predominantly at a perinuclear compartment that significantly overlapped with TGN46 (detectable at the PM in 18.6% Ϯ 5.9% of cells). Subsequently, anterograde transport delivered LckN18.GFP to the PM, resulting in a majority of cells in which LckN18.GFP was detectable at the PM 6 h p.m. (detectable at the PM in 83.7% Ϯ 10.8% of cells). 24 h p.m., subcellular distribution of LckN18.GFP reached its steady state with localization at the PM (detectable at the PM in 97.4% Ϯ 8.6% of cells), the cytoplasm, and the TGN (Fig. 9A ). When expressed with Nef.RFP, LckN18.GFP localized to the TGN at 2 h p.m., similar to the scenario in RFP-expressing cells (detectable at the PM in 14.6% Ϯ 8.5% of cells). However, at subsequent time points, this subcellular localization was preserved, and no significant delivery to the PM was observed (detectable at the PM in 13.2% Ϯ 7.1% and 15.2% Ϯ 8.8% of cells at 6 and 24 h p.m., respectively). Nef thus inhibits Lck SH4 domain anterograde transport in HT1080 cells in a similar manner to PM delivery of full-length Lck in fibroblasts and T cells (19, 26 -28, 56) . We then tested whether the sensitivity of SH4 domains for TGN retargeting by Nef is associated with such a block in anterograde transport (Fig. 9, C and D, and Fig.  S9B ). Nef-insensitive FynN18.GFP was delivered more rapidly to the PM than LckN18.GFP in control cells (already detected at the PM at 2 h p.m. in 80.2% Ϯ 4.1% of cells), and the presence of Nef did not affect PM delivery (PM-localized in 81.2% Ϯ 3.4% of cells). The PM delivery kinetics of Nef-sensitive LynN18.GFP in the presence of RFP more closely resembled that of LckN18.GFP, with completion at 6 h p.m. (PM localized in 80.1% Ϯ 6.2% of cells). The presence of Nef.RFP resulted in marked reduction of PM delivery (PM localized in 22.7% Ϯ 3.2% of cells at 6 h p.m.), and LynN18.GFP was instead associated with a TGN46-positive compartment. In contrast, the Nefinsensitive mutant LynN18 (G8E) displayed PM delivery kinetics similar to FynN18.GFP (PM localized in 79.9% Ϯ 3.0% at 2 h p.m.) and was not observed at intracellular membranes before reaching the PM, and the presence of Nef.RFP had no effect 
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on anterograde transport (PM localized in 76.8% Ϯ 5.8% and 77.2% Ϯ 2.8% of cells at 2 h and 6 h p.m., respectively) ( Fig. 9, C  and D) . The sensitivity of SH4 domains for TGN retargeting by Nef, therefore, is determined at the level of anterograde transport and correlates with the use of a slower PM delivery pathway than that employed by Nef-insensitive SH4 domains, which involves initial targeting to Golgi membranes prior to PM delivery.
Discussion
The HIV-1 pathogenesis factor Nef inhibits anterograde transport of the SFK Lck, but not the closely related Fyn, to disrupt early TCR signaling (19, 26 -29, 47) . The effects of Nef on SFK transport are recapitulated by the 18-amino acid SFK SH4 domain, but the molecular basis for the selectivity of Nef for affecting SH4 domain transport was unknown. The goal of this study, therefore, was to define the parameters that govern the responsiveness of SH4 domains to Nef and to assess the involvement of LPC transport machinery in the anterograde transport of Nef-sensitive SH4 domains. Our analyses revealed that SFK SH4 domains generally segregate into Nef-sensitive and Nef-resistant groups that are retargeted to the TGN or remain unaffected by the presence of the viral protein, respectively. With position 8, a single amino acid was identified as an essential determinant for Nef sensitivity of the Lyn SH4 domain. For Nef-sensitive SH4 domains, ectopic expression of the LPCs Unc119a or PDE6␦ or the GTPase Arl3 or Arl2 or simultaneous silencing of endogenous expression of both LPCs or GTPases phenocopied the effect of Nef. This suggests that anterograde transport of these SH4 domains relies on these components and that several LPCs and GTPases can exert this function. TGN retargeting of SH4 domains did not require a Nef-induced reduction in DRM association but did correlate with a block of transport toward the PM at the level of the TGN and with the use of a slower PM delivery route than that used by Nef-insensitive SH4 domains. Together, these results suggest that Nef interferes with an anterograde LPC/GTPase transport pathway that is used for PM delivery by a selective set of SH4 domains.
Although TGN retargeting of Lck and its functional implication in T cell activation and HIV replication have long been recognized (18, 19, 26) , little was known about Lck transport to the PM and how Nef affects the subcellular distribution of the SFK. Our results confirm and extend the observation that Nef affects an anterograde transport pathway by which some, but not all, SH4 domains are delivered to the PM. Consistent with the observed solubilization of Lck in the cytoplasm in the presence of Nef by ectopic expression of Unc119a (27), our results strongly suggest that, analogous to K-Ras and PDE6␦ (59, 60), Nef-sensitive SH4 domains share a nonclassical transport pathway in which GTPase-mediated release of the solubilized LPCbound SH4 domain drives insertion into anterograde transport platforms destined for the PM (see Fig. S10 for a schematic model). Of note, during the final stages of preparing this manuscript, Konitsotis et al. (56) reported direct evidence for such a model by demonstrating that, in fibroblasts, PM delivery of SFKs such as Src depends on solubilization by Unc119a. According to this model, disruption of active anterograde transport at any step results in rapid accumulation of the SFK at Figure 9 . SH4 domain sensitivity to TGN retargeting by Nef is determined at the level of anterograde transport. A, HT1080 cells were microinjected with LckN18.GFP and RFP or Nef.RFP expression plasmids and harvested at 2, 6, or 24 h post-microinjection, as indicated. Cells were then stained with anti-TGN46 antibody as a TGN marker. Shown are representative confocal images. Accumulation at the TGN is indicated by the arrowheads, and N18.GFP localization at the PM is marked by the arrows. The cell periphery is indicated by the dotted line for the cells in which the PM is not clearly visible. Scale bar ϭ 5 m. B, the percentage of cells with LckN18.GFP at the PM is shown as the mean of three independent experiments Ϯ S.D. The percentage of LckN18 at the PM is compared between LckN18 microinjected with RFP (black columns) or with Nef.RFP (white columns). C, HT1080 cells were microinjected with FynN18.GFP, LynN18.GFP, or LynN18 (G8E).GFP with RFP or Nef.RFP expression plasmids and harvested at 2 or 6 h post-microinjection. Shown are representative confocal images of the N18.GFP construct at 6 h post-microinjection. N18.GFP retargeting to the TGN is indicated by the arrowhead, whereas N18.GFP localization at the PM is marked with arrows. The cell periphery is indicated by the dotted line for the cells in which the PM is not clearly visible. Scale bar ϭ 5 m. D, the percentage of cells with FynN18.GFP, LynN18.GFP, or LynN18 (G8E).GFP at the PM is given as the mean of three independent experiments Ϯ S.D. The percent of N18.GFP at the PM is compared for RFP (black columns) and Nef.RFP (white columns).
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the TGN because of an abundance of negative charge in the endomembrane system. This likely explains why depletion (41, 56) and overexpression of essential components of the LPC transport machinery (27, 56) result in comparable retargeting of the SFK to the TGN.
In line with previous comparisons between Lck and Fyn (47), our screen of SH4 domains for sensitivity to TGN retargeting by HIV-1 Nef revealed that fundamental differences exist in the mechanisms by which individual SH4 domains are transported to the PM. Although PM delivery of Nef-sensitive Lck, Lyn, Src, Haspb, and Hck appears to rely on Unc119a and Arl3, Nefinsensitive Fgr, Fyn, and Yes employ a PM delivery pathway that is independent of this LPC transport machinery (Fig. S10 ). This likely reflects that Nef-insensitive SH4 domains are rapidly transported to the PM following biosynthesis without appreciable transport intermediates at intracellular membranes and, thus, without requirement for LPC machinery. In contrast, PM delivery of Nef-sensitive SH4 domains is slower and occurs subsequent to initial targeting to Golgi membranes ( Fig. 9 and data not shown), explaining the necessity for protein solubilization. In this scenario, intrinsic properties of the SH4 domain determine, concomitant to or immediately after biosynthesis, whether this SFK is cargo of the Nef-sensitive or -insensitive pathway. Of note, we were able to shift the Lyn SH4 domain from the Nef-sensitive to the Nef-insensitive PM delivery pathway by a single amino acid change. Because the amino acid exchange from a glycine to a glutamate considerably altered the charge of the SH4 domain, we speculate that the affinity of SH4 domains to membranes with specific lipid composition, charge, and/or curvature or to individual LPCs dictates by which transport pathway PM delivery occurs. Depending on the nature of the SH4 domain, a certain flexibility in the LPC and GTPase mediating PM delivery of Nef-sensitive SH4 domains seems to exist, as ectopic expression of PDE6␦ or Arl2 caused TGN retargeting of some but not all Nef-sensitive SH4 domains, whereas LPCs Unc119b or HO2 had no effect on any of the SH4 domains tested (data not shown). Differences in, e.g., expression levels of individual components of this transport machinery may result in the usage of cell type-specific combinations of these components. This could explain why Unc119a mediates Fyn PM delivery in fibroblasts (56) but not in CD4 T cells (this study).
Although we did not identify the precise molecular mechanism by which Nef disrupts PM delivery and causes TGN targeting of specific SFKs, our results provide the first mechanistic insight. In principle, Nef may affect any step of the LPC transport cycle, from SH4 domain solubilization by the LPC to release into transport competent membrane platforms or their forward transport. Because Nef expression results in the accumulation of membrane-associated SH4 domains at the level of the TGN rather than as soluble cytoplasmic SH4 domains and affects SH4 domains with (Lck, Hck, Lyn, Haspb) or without palmitoylation (Src), Nef does not seem to act by altering the steady-state SH4 domain acylation pattern. Initially thought to be a correlate for the activity of Nef in this process, exclusion of the SH4 domain from DRM transport platforms was dispensable for Nef-mediated retargeting to the TGN. This suggests that Nef acts to inhibit anterograde transport at a step after incorporation of the SH4 domain into specific membrane microdomains and that the loss of this association for some Nef-sensitive SH4 domains may be a secondary consequence of transport inhibition. Based on the shared use as transport machinery for PM delivery of Nef-sensitive SH4 domains, Unc119a and Arl3 could be potential targets of inhibition by Nef. However, the fact that Fgr SH4 domain transport relies on Unc119a, although PM delivery is not affected by Nef (Fig. 3B) , suggests that Nef does not target Unc119a directly. Finally, interference with Arl3 activity would be expected to stabilize soluble complexes of the LPC and SH4 domain, which is not observed in cells expressing Nef. Together, our results suggest that Nef prevents the initial loading of TGN-resident SH4 domains on the LPC and/or blocks forward transport of vesicles with their SH4 domain cargo. Considering that PM delivery of SH4 domains is thought to occur via recycling endosomes (56, 82, 83) and that Nef can interfere with trafficking of recycling endosomes (10, 84, 85) , the latter hypothesis is particularly attractive. Such a mechanism could explain the effects of Nef on PM delivery of peripheral membrane proteins as well as transmembrane receptors.
This study emphasizes that SFKs are delivered to the PM by sophisticated nonclassical transport pathways, one of which is subject to potent inhibition by the HIV pathogenesis factor Nef. Thus, HIV-1 Nef hijacks SFK PM delivery mediated by the LPC Unc119a and the GTPase Arl3 to adjust T cell activation for optimized virus replication. In addition, the HIV structural protein Gag was recently shown to be delivered to the PM via the myristate-binding protein HO2, acting as an LPC. This facilitates evasion of viral replication intermediates from innate immune recognition and biogenesis of new viral particles (57) . LPC-mediated transport thus emerges as a central cellular pathway exploited by HIV to create an optimal cellular environment for virus spread. Viral proteins that utilize or disturb this pathway will continue to serve as valuable tools for the dissection of these cellular transport pathways.
Experimental procedures
Cells and reagents
JTAg cells were grown in RMPI 1640 medium supplemented with 10% FCS and 1% penicillin-streptomycin (Invitrogen). HT1080 cells were cultivated in DMEM supplemented with 10% FCS (Invitrogen), 1% penicillin-streptomycin (Invitrogen), and 10 mM HEPES (pH 7.4). Primary T cells were purified as described previously (86) and cultured in RMPI 1640 medium supplemented with 10% FCS and 1% penicillin-streptomycin.
The following primary antibodies were used: sheep anti-TGN46 (Bio-Rad), mouse anti-Myc (Sigma-Aldrich), rat anti-GFP (Chromotek), rabbit anti-RFP, mouse anti-transferrin receptor (Life Technologies), rabbit anti-LAT (Cell Signaling Technology), rabbit anti-Arl3 (Proteintech), rabbit anti-Unc119a (Thermo Fisher Scientific), and mouse anti-Lck (Santa Cruz Biotechnology). Secondary goat anti-rabbit, goat anti-rat, goat anti-mouse, anti-sheep Alexa Fluor 568, antimouse Alexa Fluor 350, and anti-sheep Alexa Fluor 350 were all purchased from Invitrogen.
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Expression plasmids SH4 domain plasmids were cloned into the pEGFP.N1 or pERFP.N1 expression vector as indicated. Cloning was carried out using annealed oligos that corresponded to the sequence of the N-terminal 54 nucleotides coding for the 18 amino acids of the SH4 domain. The oligos were designed to be compatible with the BamHI and NheI double-digested pEGFP.N1 vector for subsequent ligation. The LynN18 (G8E).GFP mutant was cloned in the same way, with the corresponding mutation included in the oligos. The GenBank accession numbers of the Src family kinase sequences are as follows: Lyn, M16038; Src, NM_198291; Haspb, XM_001683386; Hck, NM_001172133; Lck, X13529; Fgr, NM_002037; Fyn, NM_002037; Yes, NM_ 005433.
Unc119a.RFP was described previously (27). The lipid binding pocket and SH2-interacting domain mutant (Y194A), the SH3-interacting domain mutants (R56A, P59A, and P62A), and the lipid binding domain mutant (Y131A) were generated by site-directed mutagenesis. Arl3.CFP was subcloned into the pECFP.N1 vector from the pcDNA3.1 expression vector. Arl3.pcDNA3.1 was kindly provided to us by Dr. Richard Kahn (87). The Nef.YFP alleles were described previously (88) .
Transfection of cells
JTAg cells (1 ϫ 10 7 ) were transfected with 15-30 g of total plasmid DNA via electroporation (950 microfarad, 250 V, Bio-Rad GenePulser) as described previously (49) . Primary T cells were nucleofected with N18.GFP (2 g) and RFP or Nef.RFP (2 g) using the Amaxa Human T Cell Nucleofector Kit (Lonza) as described previously (89) .
JTAg cells (1 ϫ 10 7 ) were transfected with siRNA via electroporation (950 microfarad, 250 V, Bio-Rad GenePulser). Cells were electroporated with 250 pmol or 500 pmol of siRNA against Unc119a or Arl3. Alternatively, they were electroporated with 250 pmol (500 pmol total) or 500 pmol (1000 pmol total) each Unc119a and PDE6␦ or Arl3 and Arl2. Cells were collected at 24 h or 48 h post-electroporation for analysis. JTAg cells co-expressing N18.GFP were electroporated with N18.GFP plasmid DNA (10 g) in tandem with 500 pmol of total siRNA and collected for analysis at 24 h.
Immunofluorescence analysis and quantification
Glass microscope coverslips were incubated with 0.01% poly-L-lysine (Sigma-Aldrich) for 10 min at room temperature. JTAg cells (3 ϫ 10 5 ) were plated on the coverslips, incubated for 5 min, and fixed for 10 min with 3% paraformaldehyde in PBS. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 1 min and blocked for 30 min with 1% BSA in PBS. Cells were then incubated with primary antibody (anti-TGN46, 1:300; anti-Myc, 1:400; anti-Lck, 1:50) for 1 h at room temperature and fluorochrome-labeled secondary antibody (1:2000) for 1 h at room temperature. Coverslips were then mounted on slides with Mowiol. Based on a previously established workflow (27, 47, 70) , 100 cells for each condition and three independent experiments were evaluated by wide-field microscopy. N18.GFP or endogenous Lck localization was determined to be predominantly at the plasma membrane or at distinct intracellular membranes, i.e. the TGN, as established previously by pixel quantification of reconstituted z-stacks (27). By this analysis, ϳ75% of total Lck signal per cell was found in the area of the TGN in cells in which TGN targeting of Lck occurs, compared with ϳ18% of total Lck signal in this area in cells without apparent Nef-mediated retargeting. Results are then presented as mean values and standard deviation for at least three independent experiments. Graphs were first made in Excel and imported into Illustrator. Confocal images were acquired using a Leica TCS SP5 confocal microscope with a ϫ100 (JTAg cells) or ϫ63 (HT1080 cells) Plan-Apo objective lens. Single-plane images were taken with Leica LAS AF (Leica Application Suite for Advanced Fluorescence) software. Images were minimally processed with Photoshop CC to adjust the overall brightness and contrast of the image, applying identical thresholds to all images.
Quantitative PCR
Analysis was carried out as described previously (90) . Briefly, total RNA was extracted using the NucleoSpin RNA II Kit (Macherey-Nagel). It was then reverse-transcribed using the SuperScript One-Step RT-PCR system (Life Technologies) according to the manufacturer's protocol. Reactions were then performed on an ABI Prism 7500 sequence detection system (Applied Biosciences). The program used was as follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Glyceraldehyde-3-phosphate dehydrogenase mRNA was used for normalization. The following primers were used: Unc119a forward, 5Ј-TTTGTCCGCTACCAGTTCAC-3Ј; Unc119a reverse, 5Ј-ATGCGGAAGTTGTTGACAGG-3Ј; PDE6d forward, 5Ј-TCAAGTGCAAGGCAGTGTCTC-3Ј; PDE6d reverse, 5Ј-TGGAGTTAGGGATCACAAAGCC-3Ј; Arl3 forward, 5Ј-GCCTCTGAAATTGCAGAAGGAC-3Ј; Arl3 reverse, 5Ј-TTTGCAGACCCAGTTCATGC-3Ј; Arl2 forward, 5Ј-ACTGGCGGAACTACTTTGAGAG-3Ј; Arl2 reverse, 5Ј-TAGCAAAGATGAGGAGGGTTGC-3Ј.
Western blot analysis
Proteins were separated by 12% SDS-PAGE and electroblotted to nitrocellulose membranes. Membranes were blocked in 5% milk in PBS-T for 30 min at room temperature and probed with the indicated primary antibody (1:1000 in 3% BSA in PBS-T) overnight at 4°C. Membranes probed with anti-Unc119a (1:300 in 1% BSA in PBS-T) were first blocked in 5% milk in 1% BSA. After washes with PBS-T, the membrane was incubated with the corresponding horseradish peroxidase secondary antibody (1:10,000 in PBS-T) for 1 h at room temperature and again washed with PBS-T. Protein bands were visualized using ECL chemiluminescence substrate (Thermo Scientific). Band intensity was analyzed using ImageJ.
GFP immunoprecipitation binding assays
JTAg cells were transfected with SH4.GFP (15 g) and RFP or Unc119a.RFP (15 g). 24 h after transfection, 1 ϫ 10 7 cells were collected for each immunoprecipitation assay and washed with PBS prior to lysis in 200 l of ice-cold lysis buffer (50 mM Tris-HCl (pH 7.4), 75 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na 3 VO 4 , 0.4% NP-40, and protease inhibitors (Sigma)). Cells were then incubated on ice for 30 min with intermittent Block of SH4 domain anterograde transport by HIV-1 Nef pipetting. Cells were then spun for 10 min at 6000 rpm and 4°C, and 20 l was removed as the input. 50 l of GFP-Trap beads (ChromoTek) were washed three times with cold PBS before being incubated with the remaining supernatant from the lysed cells. The beads and supernatant were then incubated for 2 h at 4°C with constant gentle end-over-end mixing. The beads and supernatant mix were then spun for 2 min at 3000 rpm at 4°C, and the supernatant was removed. The beads were washed five times with lysis buffer, resuspended in 100 l of 2ϫ sample buffer, and examined by Western blot analysis.
Detergent-resistant membrane assay
DRM assays were carried out as described previously (47) with a few alterations. Briefly, JTAg cells were transfected with SH4.GFP (15 g) and RFP or Nef.RFP (15 g) plasmids. 24 h post-transfection, cells were collected, lysed in 500 l of icecold TXNE buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and protease inhibitors (Sigma)), and incubated on ice for 20 min. Cells were then homogenized by passage through a pipette tip 15 times, adjusted to 37.5% Optiprep (Life Technologies), and transferred to a SW60 centrifuge tube. After centrifugation, 500-l fractions were collected from the top, with fraction 2 corresponding to the DRM fraction and fractions 7 and 8 to the soluble fractions. The input and fractions 2, 7, and 8 were assayed by Western blot analysis.
Microinjection
Anterograde transport was analyzed using microinjection assays as described previously (80, 81) . Briefly, 2 ϫ 10 5 HT1080 cells were seeded on coverslips 24 h prior to microinjection. Nuclei of HT1080 cells were microinjected using an AIS-2 microinjection apparatus with pulled borosilicate glass capillaries. Prior to microinjection, plasmids encoding SH4.GFP (30 ng/l final concentration) and RFP or Nef.RFP (30 ng/l final concentration) were mixed. After microinjection, cells were incubated at 37°C for 2, 4, 6, or 24 h, as indicated, and fixed with 4% paraformaldehyde in PBS. Cells were then permeabilized with 0.1% Triton-X-100 for 1 min, blocked, and stained with sheep anti-TGN46 (1:300) for 1 h at room temperature. After washing with PBS, cells were stained with anti-sheep Alexa Fluor antibody (1:2000, Invitrogen). For quantification, the percentage of cells with the SH4 domain clearly at the PM was determined. For each time point, 100 cells were counted for three independent experiments, and the mean and standard deviation is given.
